Laser-assisted atom probe microscopy of 2 nm period 28 Si/ 30 Si isotope superlattices ͑SLs͒ is reported. Three-dimensional distributions of 28 Si and 30 Si stable isotopes are obtained with sub-nanometer spatial resolution. The depth resolution of the present atom probe analysis is much higher than that of secondary ion mass spectrometry ͑SIMS͒ even when SIMS is performed with a great care to reduce the artifact due to atomic mixing. Outlook of Si isotope SLs as ideal depth scales for SIMS and three-dimensional position standards for atom probe microscopy is discussed.
High spatial resolution analysis of dopant distribution profiles in silicon ͑Si͒ is required for accurate characterization of shallow source/drain ͑S/D͒ regions of state-of-the-art Si nanoelectronic devices. Ideally, atomic-scale threedimensional ͑3D͒ mapping is needed for in-depth understanding of the S/D formation processes. Atom probe microscopy is a powerful characterization method to identify mass distributions in materials with the "atomic-scale" spatial resolution.
1-8 Spatially varying compositions in lowresistivity materials were extensively investigated in the early stage of the atom probe microscopy development. [9] [10] [11] [12] [13] Especially, the composition, morphology, and abruptness of interfaces were revealed for metal multilayer structures such as Fe/Tb, 10 Cu/Co, 11 CoFe/Cu, CoFe/NiFe, 12 and NiFe/CoFe/Cu/CoFe. 13 The benchmarking results here were the atomic scale visualization of NiFe/CoFe ͗111͘ interfaces by atom probe microscopy in both the field-ion imaging and atom probe compositional modes. 12, 13 More recently, laserirradiation during atom probe microcopy has been proven effective for the analysis of highly resistive materials. [14] [15] [16] [17] [18] [19] [20] [21] [22] This emergence of the laser-assisted analysis has enabled measurements of 3D distributions of dopants, [17] [18] [19] clusters, 20 defects, 21 and impurity segregation 22 in technologically important Si-based materials. The achievement of 3D observation of dopant distributions in state-of-the-art nanoscale device structures was especially of great technological importance, 23 and such directions of research made it clear that reliable methods to overcome the following limitations are needed. Firstly, a sample for atom probe microscopy is made into a sharp needle with a certain tip curvature, which evolves continuously during the sample evaporation leading to concaving of what is supposed to be a flat plane. Ideally, the standard reconstruction procedure removes the artifact. 24, 25 As one needs to fix a number of geometrical parameters ͑shank angle, initial radius of curvature͒, a series of buried flat interfaces that do not affect the formation of S/D regions at all might be useful as an internal calibration. Secondly, an absolute 3D length scale is needed. This problem is of no concern once we achieve the atomic resolution of the Si lattices because we can use the lattice image for appropriate image reconstruction and as the length scale. However, achievement of such a technological benchmark requires Si standards that will allow for appropriate image calibration and depth scaling. The present paper introduces a new concept of Si isotope engineering 26, 27 toward establishment of such an ideal standard sample for secondary ion mass spectrometry ͑SIMS͒ and atom probe microscopy; Si isotope superlattices ͑SLs͒ that are composed of alternating layers of highly enriched 28 Si and 30 Si stable isotopes. Each isotopically enriched layer is only 1 nm thick ͑7 atomic monolayers͒ or thinner and it serves as the absolute length scale. The flat interfaces between adjacent 28 Si and 30 Si isotope layers serve as guidelines for appropriate image reconstruction. On the other hand, the mass difference between 28 Si and 30 Si is so small that it hardly affects the Si processing. Therefore, our Si isotope SLs fulfill all the criteria imposed for atom probe microscopy standards.
A detailed description of the growth of Si isotope SLs using solid-source molecular beam epitaxy was given in Refs. 28 ϳ100 nm thick was grown at 750°C in order to form a smooth surface followed by the growth of alternating layers of isotopically pure 28 Si and 30 Si at 650°C. The total growth time was approximately 10 h including the growth interruption time between 28 Si and 30 Si layers. Raman spectroscopy of confined optical phonons revealed that the degree of intermixing between adjacent 28 Si and 30 Si layers was approximately 2 atomic monolayers ͑0.27 nm͒. 28, 29 A commercial laser-assisted local-electrode atom probe microscope ͑LEAP3000XSi, Imago Scientific Instruments͒ with a 90 mm flight path and Ͻ12 ps laser ͑532 nm͒ pulse width was employed in this study. The pulse energy and frequency were 0.3 nJ and 500 kHz, respectively. During the analysis, the base temperature of samples was cooled down to ϳ50 K. The estimated depth and lateral resolutions were 0.2 and 0.4 nm, respectively, 30 whereas ideal resolutions have been reported recently. 5, 8, 31, 32 The detection efficiency was approximately 50 at. %, which is consistent with the value of 57% on the same LEAP system. 33 A ϳ30 nm thick Ni protection layer was deposited on top of the Si isotope SL before shaping of the sample into a needle by Ga focused ion beam. 17, 18, 34 The 28 Si and 30 Si were resolved clearly in the time-of-flight mass spectrometry as well-separated peak in the counts versus mass spectrum. Lower laser power tends to enhance the intensity of Si having larger positive charges. [35] [36] [37] [38] [39] The charge state ratios of 28 35 suggesting that in our experiment laser focus and overlap were different compared to the conditions reported by Shariq et al. 35 This small laser energy of 0.3 nJ was employed to minimize the sample heating. Figure 1͑a͒ shows an atom probe microscopy image of the 28 Si/ 30 Si isotope SL. Alternating layers of Si isotopes were clearly observed along with the ϳ30 nm thick Ni cap layer at the surface and the nat Si layer in the region deeper than ϳ80 nm. Figure 1͑b͒ shows the enlargement of a middle part of the image shown in Fig. 1͑a͒ . Atomically flat interfaces of 28 Si/ 30 Si appear concaved in Fig. 1͑b͒ . This artifact comes from the limitation in reconstructing images assuming that the atom emitting surface remains hemispherical through the measurement, where this has been shown not to be the case. 35 Here, the embedded isotope SL structure can be used as the ideal scale to remove this artifact. Figure 1͑c͒ shows the iso-concentration surface of the Si isotope SL in 3D. An important question here is whether one can identify the position of individual isotope with atomic resolution.
In Fig. 2͑a͒ , we show the depth profiles of the 28 Si and 30 Si composition along the center of the isotope SL in Fig.  1͑a͒ . Here, local compositions within the rectangle cell with dimensions equal to our estimated depth and lateral resolutions of 0.2 nm in height and 0.4 nm in side were plotted with 0.2 nm depth interval. As stated before, our detection efficiency is 50 at. %. Thus, the number of atoms counted within the cell is a half of the number of Si atoms in this region. SIMS measurements ͑Cameca-SIMS4550͒ of a sample cut from the same Si isotope SLs were performed with O 2 + primary ions accelerated at 150 eV ͓Fig. 2͑c͔͒. In our case, this condition minimizes the atomic mixing by O 2 + bombardment during the SIMS measurements. The decay length by atom probe microscopy estimated in Fig. 2͑b͒ is ϳ2.1 nm/decade and this value is much smaller than ϳ3.4 nm/decade for SIMS shown in Fig. 2͑c͒ . This shows clearly that the spatial resolution of the atom probe is much superior to that of SIMS. Such a comparison between the atom probe and SIMS was previously reported for doping profiles without any absolute depth scale. 40 It is clear that atom probe microscopy of S/D regions formed in Si isotope SLs will lead to simultaneous observation of dopant profiles with absolute depth scale of Si isotopes in the background. It has been shown in Ref. 41 that the abruptness of 28 Si/ 30 Si interfaces is at most 2 atomic monolayers ͑Ͻ0.3 nm͒ and, therefore, ϳ2.1 nm/decade found in the present atom probe microscopy ͓Fig. 2͑b͔͒ does not appear to be ultimate Si͑1 nm͒ isotope SL obtained by atom probe microscopy. The dimension of the reconstructed volume is 90 nm ϫ90 nm ϫ140 nm. A 30 nm thick of Ni cap layer is seen at the top. Red, green, and blue dots represent 28 Si, 30 Si, and Ni atoms, respectively. ͑b͒ Enlarged view of the part of ͑a͒ indicated in the figure. 30 nm in height and 45 nm in side are shown. Only ϳ30% of the collected atoms is shown to present the grand view. ͑c͒ 3D iso-concentration surface ͑Threshold: 2.7ϫ 10 22 at./ cm 3 ͒. Si͑1 nm͒ isotope SL along the center of the needle shown in Fig. 1͑a͒ . A comparison of the decay lengths of the 30 Si depth profiles between ͑b͒ atom probe microscopy and ͑c͒ SIMS is shown. resolution. One may need to optimize other conditions such as laser energy, focusing, angle, sample temperature, etc. The present Si isotope SLs will serve as an excellent standard for such optimization processes of the measurement condition and image reconstruction. 33 Direct imaging of lattice planes perpendicular to ͗100͘ direction is challenging because of the small interplane separation of ϳ0.13 nm. Therefore, our next plan is to aim for direct observation of lattice plane in ͗111͘ direction whose lattice spacing is ϳ0.32 nm. Direct lattice plane imaging by atom probe microscopy was previously reported for the ͑111͒ NiFe/CoFe interfaces that have interplane spacing of ϳ0.2 nm. 12, 13 Combination of the atomic plane resolution and isotopic visualization in atom probe microscopy will allow us to identify the 3D distribution of isotopes with atomic resolution. Such calibrated Si isotope SLs are expected to be the ideal SIMS depth standards 42 and atom probe microscopy length standards.
In conclusion, we have successfully obtained the isotopic distribution in 28 Si/ 30 Si isotope SL having a 2 nm thick period by laser-assisted atom probe microscopy. The 3D profiling of the stable isotope layers has been obtained with the sub-nanometer spatial resolution. The depth direction spatial resolution by the atom probe microscope was shown to be much better than that by SIMS. 
